INTRODUCTION
The taxonomy of the genus Taxus L. is complex and inconsistent over large areas of its distribution range. The main problem in this genus arises from a lack of discrete ('hard') vegetative characters. This is aggravated by the fact that herbarium specimens are often sterile and so a whole suite of potentially suitable generative morphological features cannot be used. A large number of vegetative characters are hard to find and constitute mainly characters of the leaf. The majority of these are continuous and often difficult to define unequivocally. Terminological problems and interpretation of character states can further hamper taxonomic communication. Proper identification is paramount to comply with CITES regulations because all Taxus species occurring in China have been listed as first-class protected plants by the central government of China since 1999 and were listed in Appendix II of CITES since 1995 (http:// www.cites.org/eng/app/appendices.shtml#10).
Taxus includes four species in North America (T. brevifolia Nutt., T. canadensis Willd., T. floridana Nutt., T. globosa Schlecht.), one in Europe and western Asia (T. baccata L.), and several in east and south-east Asia. The taxonomy of these latter taxa is still in flux. De Laubenfels (1988) included all the Chinese and Indo-Chinese yews, except for T. cuspidata Siebold & Zucc., in T. sumatrana (Miq.) de Laub., but other authors have not taken such a broad view. Li & Fu (1997) established Taxus fuana Nan Li & R. R. Mill for specimens from Xizang (Tibet), and from central Nepal westwards to Pakistan and Afghanistan. Fu, Li & Mill (1999) (Li & Keng, 1994) . According to the latest account dealing with Taxus in Vietnam, T. chinensis occurs in the north and T. wallichiana in the south (Nguyen & Vidal, 1996) .
While the North American and the European taxa are reasonably well definable, the Asian taxa, in particular the Sino-Himalayan T. wallichiana complex, are posing considerable challenges because of inconsistent identification of the, mostly sterile, herbarium specimens and imperfect keys. The T. wallichiana complex, as defined here, includes, apart from T. wallichiana itself, T. fuana and the south-east Asian T. sumatrana. T. sumatrana is included in the complex here because of the wide concept of T. sumatrana adopted by de Laubenfels (1988) . T. fuana is included in the analysis here because of its close morphological link to T. wallichiana var. wallichiana, and their overlapping distribution ranges in Nepal. T. cuspidata is not included as its morphological delimitation from T. wallichiana is clear and their distribution ranges do not overlap.
Inconsistencies in identification can lead to a distorted distribution pattern of taxa, with T. wallichiana var. mairei and T. wallichiana var. chinensis showing an apparently sympatric occurrence across south-east China. The genus is, as are most gymnosperms, wind pollinated which is counterintuitive to an existence of two taxa in close sympatry, although nothing is known about the phenology of taxa within the T. wallichiana complex. Moreover, breeding barriers apparently do not exist in Taxus, not even between species (Allison, 1993; Collins, Mill & Möller, 2003) , that would account for the existence of the taxa in sympatry.
As the Flora of China (FoC) key (Fu et al., 1999 ) was found to be problematic in its accuracy to identify T. wallichiana varieties due to its vagueness in character definition, we introduce a set of characters and terminology that was used consistently throughout our work. In the present study we use morphometric data of vegetative characters to characterize a representative cross-section (c. 10%) of the many existing herbarium specimens of taxa in the T. wallichiana complex. Thus, this paper should not be seen as a taxonomic revision, but as an attempt to investigate critically the usefulness of vegetative characters used in the FoC keys plus additional characters for their discriminative power among taxa in the T. wallichiana complex. Distribution maps using a standardized morphometric approach may indicate the existence of a straightforward pattern in the distribution of taxa within the complex. Principal component analyses (PCA) are used to demonstrate possible spatial separation between taxa, to support the geographical distribution ranges, to investigate the performance of individual characters in the separation of taxa, and to suggest a minimal character set to correlate maximally geography and taxon identity.
MATERIAL AND METHODS

HERBARIUM MATERIAL
One hundred and twenty-seven herbarium specimens held at E and one specimen from KUN (isotype specimen of T. fuana) were analysed for this study, including 53 T. wallichiana var. wallichiana, 26 T. wallichiana var. mairei, 29 T. wallichiana var. chinensis as well as 17 T. fuana and three T. sumatrana samples. Collection data and localities of specimens are given in Appendix 1, their geographical location indicated in Figure 1 . There was no apparent bias towards the year of collection, with specimens collected between 1882 (Tw-34-45) and 2004 (Fig. 2 ). The included samples had been collected in all months of the year with a peak collection time in August-November (Fig. 3) , possibly reflecting the fruiting period of Taxus.
GEOMAPPING
Of the 128 herbarium specimens analysed morphologically 124 were mapped onto a contour map of Asia using DIVA GIS v5.2.0.2 (http://www.dive-gis.org) (Fig. 1) . Sometimes only approximations could be made as the information on the herbarium sheets was scant. Four records could not be mapped as no locality information was available other than country or province.
MORPHOLOGICAL CHARACTERS
A total of 27 characters were used and character states defined (Appendix 2, Table 1 ). Of these, seven were continuous (characters 2-7 and 25) while the remaining 20 were discrete. Because of the variable nature of most characters within single specimens of Taxus, they were defined representing the majority of the states of leaves on a given specimen. Sometimes this was not possible and a new state was defined for polymorphic character states. However, this was only the case for two characters (i.e. characters 8 and 9). Some of the variation on herbarium sheets was observed between youngest and oldest growth of a particular year or the specimen per se. Thus, leaf observations were limited to the mid section of 2-3-year-old branches wherever possible.
Coding of discrete character states was not attempted to reflect evolutionary progressions (as there is no evidence that evolution does evolve from simple to complex) but for convenience to reflect a rank from simple to complex states. Reversing state designations, particularly of binary characters, only resulted in a 180°flip of the arrows in the descriptor plot of the PCA, but not in a change in position in the object scatter plots (data not shown). More details on the scoring of individual characters are given in Appendix 2 and for the apex code in Localities of 124 out of 128 herbarium samples of Taxus analysed using identifications on specimens and from regional floras. Green = T. fuana; red = T. wallichiana var. wallichiana; dark blue = T. wallichiana var. mairei; light blue = T. wallichiana var. chinensis; brown = T. sumatrana. Legend: China: A = Anhui, C = Chongqing, Fj = Fujian, Gd = Guangdong, Gs = Gansu, Gx = Guangxi, Gz = Guizhou, He = Henan, Hn = Hunan, Hu = Hubei, Jx = Jiangxi, S = Sichuan, Sx = Shaanxi, Xz = Tibet (Xizang), Y = Yunnan, Zj = Zhejiang; T = Taiwan; India: U = Uttaranchal, H = Himachal Pradesh, K = Jammu and Kashmir, WB = West Bengal; B = Bhutan; I = Indonesia; M = Myanmar; N = Nepal; P = Philippines; V = Vietnam. E = Emei Mts, HD = Hengduan Mts, SP = Sichuan Pendi (Basin), SS = ShweliSalween divide.
PCA AND CLUSTER ANALYSES
Morphometric data were subjected to a PCA clustering analysis (Sneath & Sokal, 1973 ) using R-pack Le Progiciel R.4.0d10 (Casgrain, Legendre & Vaudor, 2005) following Poulsen & Nordal (2005) , to test the clustering of Taxus varieties. PCA requires normal distribution of continuous characters. Thus, prior to PCA, the continuous characters were individually tested for multinormality; no character showed a significant skewness and no data transformation was necessary. R-pack was used to generate a correlation matrix (by dividing each value by the variable's standard deviation) of the 27 characters of the 128 specimens included, because of the different nature of the characters (Casgrain & Legendre, 2001: 108) . This eliminates the effect of the different measurement scales used and produces variables without physical dimensions (Casgrain et al., 2005) . The PCA results were plotted in three-dimensional (3D) scatter plots using JMP 3.1.5 (SAS Institute Inc., Cary, NC, USA). Additionally dendrograms were generated in JMP using Ward distances on the complete morphological data set. Geographical distribution, PCA and dendrogram cluster were correlated using JMP.
K-means clustering
To test the integrity of the PCA clustering we allowed JMP to allocate group identities based on cluster means (K-means). K-means clustering performs a disjoint cluster analysis for a specified number of clusters. It begins with a set of temporary, random clusters, and assigns each sample to the nearest cluster mean. The random mean is replaced by the actual mean and the process repeated until no further change in sample assignment occurs.
Hierarchical clustering using Ward's distances
To test the integrity of the PCA and K-means clustering we produced dendrograms based on Ward's distance on the original morphometric data using JMP.
RESULTS
GEOGRAPHICAL DISTRIBUTIONS
Mapping the original taxonomic identifications of the herbarium samples resulted in taxon distributions with wide overlaps and mixed regions for samples of T. wallichiana and T. fuana, particularly in Sichuan (S) and west Yunnan (Y) in China ( Fig. 1) , in the regions around the western side of the Sichuan Pendi (Sichuan Basin) (SP), the Shweli-Salween divide (SS) and the southern Hengduan Mountains (HD). These regions include specimens of all three T. wallichiana varieties. The T. sumatrana samples included are limited to Taiwan (T), the Philippines (P) and Indonesia (I), on the south-eastern fringe of Taxus in south-east Asia.
CLUSTER ANALYSIS OF MORPHOMETRIC DATA
PCA
The first two axes in the PCA explained 24.10% and 16.23% of variance, respectively (40.33% cumulative variance), and the first three axes about half the variance (50.80%). Display of the first three axes would satisfy the 'scree' test (Cattell, 1966; Nelson, 2005) , and thus the data are displayed in 2D and rotated 3D plots (Fig. 5A, B) . The 2D PCA scatter plot showed some spatial structure among the samples included (Fig. 5 ). Only T. fuana formed a discrete cluster separated from the rest of the samples, particularly in the third axis (Fig. 5B) . The three taxa included in T. wallichiana showed a large degree of overlap. The three samples of T. sumatrana (Ts) were widely scattered and not close to each other. Some specimens appeared to be clearly misidentified when considering their position in the PCA plot and their geographical origin. The samples from northern Vietnam appeared to be morphologically heterogeneous, with Tc-26, Tc-28 and Tc-29 falling close to T. wallichiana var. chinensis samples, while Tc-27 fell among T. wallichiana var. mairei samples. All of the southern Vietnam samples clustered with the T. wallichiana group, except Tw-51 which was closer to T. wallichiana var. mairei.
The position of type specimens in the PCA was, as expected, within their respective taxon clusters, except for a syntype of T. wallichiana var. chinensis, Tc-24, which fell on the edge of the wallichiana group, and may be a misidentification (Fig. 5A) .
Exploring the integrity of clusters of taxa within the T. wallichiana complex in the light of corrected identifications and geographical distributions revealed a strong structure among the specimens analysed. The geographical distribution of the taxa clusters was delimited more clearly, with only some exceptions (e.g. Tm-1) (Figs 6, 7) . In the PCA a distinct set of samples appeared morphologically intermediate between T. fuana and T. wallichiana var. chinensis. These were geographically scattered along the Himalayan foothills, in Bhutan (Tw-1), and around the southern Hengduan Mountains in north-west Yunnan (Tw-9, Tw-10, (Fig. 6 ).
K-means clustering
We tested different numbers of clusters in the K-means cluster identity assignment and correlated the suggested identities with the original names and corrected identifications after PCA. The highest correlations were found for four clusters when using the original names (r = 0.80), and four or five clusters when using corrected names (both r = 0.88). Thus correcting for misidentifications increased the correlation by 8%. The groups found in the four-cluster analysis corresponded to a great extent with the taxa included here, T. fuana and the three T. wallichiana varieties (Fig. 8A ). When using five clusters an additional group of ten samples was identified that was loosely scattered between the T. fuana and chinensis clusters (Fig. 8B) . Apart from the samples from Bhutan (Tw-1), and Taiwan (Ts-3), which fell near the edge of the PCA cluster, samples from the centre of this cluster came from an area around the southern Hengduan Mountains (HD) in north-west Yunnan/south-west Sichuan. In both four- Li & Li (1992 Removing the four weakest characters greatly increased the proportion of variation represented by the first three axes (58.87%) but did not alter the scatter plot or dendrogram significantly. Nor did removing additionally characters 14 and 24 alter the results, except for an increase in the proportion of variance for the first three axes (61.63%).
Individual taxa or groups of taxa could be differentiated by a combination of characters. These are given in order of power of discrimination in the PCA in Table 2 , and their states for individual taxa in Tables 3 and 4 . The samples from southern Hengduan Mountains were for many descriptors similar to T. fuana except for the colours of margin and midrib (characters 22 and 20; = T. wallichiana var. mairei), leaf length (characters 3 and 4; = var. chinensis), ratio (character 7) and leaf margin edges (character 16; = var. wallichiana), and leaf angle (character 1) and leaf base symmetry (character 10; = T. wallichiana vars.).
TAXON DESCRIPTION
The average values for continuous characters differed between the taxa included (Table 3) , and could be used to define the taxa. However, the often large minimum and maximum ranges did not allow this to be done. In general, T. wallichiana var. chinensis can be described as possessing a dense leaf arrangement, and short but wide leaves, resulting in the lowest ratio with a high number of stomatal bands. T. wallichiana var. mairei is defined by a low leaf density, long and wide leaves with a medium ratio and high number of stomatal bands. T. wallichiana var. wallichiana possesses a medium leaf density with long but medium-width leaves, medium ratio and high number of stomatal bands. T. fuana samples have the highest leaf density, and longest but narrowest leaves, giving the highest ratios, but with the lowest number of stomatal bands and spiral leaf arrangement. The samples from the southern Hengduan Mountains area have a dense leaf arrange- ment, and short and narrow leaves, resulting in a low ratio, with a low number of stomatal bands. Despite the high variation in the distribution of discrete character states, comparison of the majority character states observed for each taxon allows their description (Table 4) . Focusing on the differences of more closely allied pairs and ignoring polymorphic characters, T. wallichiana var. chinensis and T. wallichiana var. mairei differed in six characters. These two varieties in turn consistently differed from T. wallichiana var. wallichiana in two characters, leaf margin taper (character 9) which is parallel or parallel to two-thirds to three-quarters from the base in the former and lanceolate in the latter, and apex type (character 13) which is 3 or 0 in the former and 2 in the latter. T. wallichiana var. wallichiana differed from T. fuana in five characters. The southern Hengduan Mountains samples differed from the former in four characters and from the latter in two characters (Table 4) .
DISCUSSION RECONCILING GEOGRAPHY AND MORPHOLOGY
Historically the distributions of the varieties included in Taxus wallichiana are described as occurring sympatrically over large parts of its distribution range. A re-assessment of the identities of herbarium specimens using PCA and Ward's distance dendrograms on 27 morphological characters in our study resulted in a more defined distribution pattern than previously described (Fu et al., 1999) .
T. fuana is the most westerly occurring taxon in the T. wallichiana complex as defined here and was morphologically the most distinct entity in the PCA and dendrogram. Despite its great overlap with T. wallichiana var. wallichiana in central Nepal, they seem to have maintained their taxon characteristics, as in our morphological analyses they were clearly separated. The only exception, Tw-1 (no. 76), clustering inside the T. fuana cluster, is geographically disjunct, (Fu et al., 1999) . †Least useful discriminating characters. occurring in west Bhutan. It is morphologically distinct from typical T. fuana, as suggested by its position in the PCA plot, and its occurrence in Bhutan may be the result of hybridization (see below). The T. wallichiana var. wallichiana specimens included here, collected from central Nepal to southwest Sichuan and north-west and west Yunnan, form a geographically distinct entity. This is supported by the PCA plot. There are, however, a number of samples with disjunct localities. One in particular, Tm-1 (no. 47), mapped among T. wallichiana var. wallichiana samples in the PCA but originated from Anhui in the far east of China. We analysed several additional samples from Anhui and neighbouring Fujian and all fell within the mairei PCA cluster (but spatially spread across the entire cluster). This suggests that T. wallichiana var. mairei in these provinces is very heterogeneous. A more detailed sampling at the population level would be desirable to investigate this variation further. Other T. wallichiana var. wallichiana samples (Tw-50 = no. 125; Tw-52 = no. 127; Tw-53 = no. 128, see Appendix 1, Fig. 9 ) occurring in southern Vietnam also mixed with T. mairei types. Ts-1 (no. 73) from Taiwan appeared on morphological grounds to represent a T. wallichiana var. wallichiana type. These are unlikely to be results of long-distance dispersal events. All samples reside in the mixed cluster in the dendrogram, which may suggest that they are morphological intermediates, and not typical specimens of the respective taxon.
T. wallichiana var. chinensis and T. wallichiana var. mairei, in particular, are now found to occupy more distinct areas. The latter variety is distributed from central Sichuan and north-east Yunnan across south China to Zhejiang and in the south to northern Vietnam. T. wallichiana var. mairei specimens at the western edge of the Sichuan Basin, north of the T. wallichiana var. chinensis localities in the Emei Mountains (E) and Daxiang Ling, appeared to be isolated from the main area of the variety's distribution. However, the PCA and Ward's dendrogram places these specimens in the T. wallichiana var. mairei cluster, thus suggesting that they are T. wallichiana var. mairei proper. T. wallichiana var. chinensis proper occurs in northern Vietnam and at the east and west edge of the Sichuan Basin. The disjunct distribution across the basin is not surprising as the latter is a low-altitude (50-200 m) area, inhospitable for Taxus. Whether suitable mountain ranges north or south of the Sichuan Basin harbour further T. wallichiana var. chinensis connecting these two areas across the Sichuan Basin requires further work.
An overlap between T. wallichiana var. mairei and T. wallichiana var. chinensis is limited to a few disjunct areas along the western edge of the range of T. wallichiana var. mairei from northern Vietnam, northwards to the western edge of the Sichuan Basin, and at the southern edge of the Sichuan Basin. The occurrence of the two taxa in close proximity at three localities, in one of them (Guizhou, Cavalerie 7136) even collected under the same number, suggests an underlying lability in morphology that would suggest that the two taxa may not be distinct. An alternative explanation would be a parallel origin of similar phenotypes from different refugia in northern Vietnam and around the Sichuan Basin for T. wallichiana var. chinensis, and consecutive overlap with T. wallichiana var. mairei. Population-level analysis is required here to elucidate further the nature of the occurrence of disjunct T. wallichiana var. chinensis localities.
Both the K-means clustering and Ward's distance analysis suggest the existence of a discrete taxonomic entity in the southern Hengduan Mountains area in north-west Yunnan. It is morphologically close to T. fuana but distinct from it and the T. wallichiana varieties in several morphological features (Tables 3,  4) . Whether this area harbours a morphologically and genetically distinct entity requires additional field work and molecular analyses.
There is a clear discontinuity between the distributions of samples of vars. wallichiana and mairei & chinensis, with a roughly north to south separation along central Sichuan and central Yunnan. There is strong evidence for a floristic divide in this area, the Tanaka-Kaiyong (TK) line (Li & Li, 1992 . This separates the Sino-Japanese and Sino-Himalayan floras. The line holds for the Taxus taxa under study although we only analysed a limited number of specimens (Fig. 7) . It would be interesting to investigate in more detail the boundary between these two varieties in this area with regard to the TK line.
Although we included T. sumatrana samples in our study, we were geographically restricted to localities on Taiwan, the Philippines and Indonesia (Sulawesi) by the material available. However, the specimens from those areas did not form a separate cluster in either analysis. This is not surprising given that de Laubenfels (1988) used a wide concept of T. sumatrana and included all the Chinese and Indo-Chinese yews, except for T. cuspidata, in it. The samples included here clustered widely in the analyses with different T. wallichiana varieties. Establishing whether Taxus in south-east Asia includes further distinct taxa would require the inclusion of additional material in the analysis.
POTENTIAL HYBRID AND INTROGRESSION ZONES
Taxus is wind pollinated and the seeds are vertebrate dispersed. This is a combination that favours extensive gene flow over long distances. Apparently genetic MORPHOMETRY OF THE TAXUS WALLICHIANA COMPLEX 319 incompatibilities do not exist between Taxus species (Allison, 1993; Wilson, Buonopane & Allison, 1996; Senneville et al., 2001; Collins et al., 2003) . Thus it is likely that the varieties of Taxus wallichiana can hybridize among each other and hybridization with closely related species would be possible. Wherever their distributions meet or overlap potential areas of introgression may exist. In particular, the area along the TK line may be significant in this respect. There are other areas of overlap, in particular in east Sichuan/west Hubei around the Sichuan Basin, in south-east Yunnan/south-west Guizhou/northern Vietnam and in Nepal.
All three T. wallichiana varieties are present in the area around the western fringe of the Sichuan Basin. However, most specimens collected in this area fell in the midst of their morphological PCA cluster, and do not show signs of introgression. Herbarium specimens from this area were few and more extensive sampling may reveal signs of hybridization. In particular, the mountains along the northern edge of the basin, the Daba Shan and the Qinling Mountains in Shaanxi, may harbour intermediate populations.
In the area around south-west Guizhou, and northern Vietnam along the vicinity of the TK line, T. wallichiana var. chinensis and T. wallichiana var. mairei occurred sympatrically. Further south in Vietnam only the former occurs. Whether there exists a T. wallichiana var. chinensis refugium in northern Vietnam and the mixed populations to the north are of hybrid origin is not clear from the morphological data, although the samples fell along the edges of the respective clusters. Further complementary molecular analyses are required to elucidate the status and history of these populations.
In the third potential hybridization zone, central Nepal, T. fuana and T. wallichiana var. wallichiana overlap to a large extent. Interestingly, all five T. wallichiana var. wallichiana specimens from this area (Tw-40 = no. 115; Tw-43 = no. 118; Tw-46 = no. 121; Tw-47 = no. 122; Tw-48 = no. 123) fall well inside the var. wallichiana cluster (Fig. 9) . It is interesting to note that despite this proximity of the taxa no hybrid seems to have been collected. The only hint for a hybrid involving these taxa comes from the dendrogram position of sample Tw-1, inside the T. fuana samples. The occurrence of this plant in Bhutan may have resulted from a rare long-distance dispersal event from Nepal and introgression with T. wallichiana in Bhutan.
USEFUL CHARACTERS FOR DISCRIMINATING TAXA
It was very encouraging that just 27 morphological characters, all but one from the leaf, gave a satisfactory separation of the samples analysed here into well-definable clusters in the PCA, in particular after their corrected identification. The few outliers clustering in 'incorrect' clusters may be attributable to long-distance seed dispersal and introgression (e.g. Tw-1 in Bhutan). This is in contrast to previous attempts to distinguish Taxus species (e.g. D. Ferguson, pers. comm. 2007) . Along with chemical characters, Dempsey & Hook (2000) investigated leaf length, width, area and stomata number of five Taxus species but found no 'sufficiently distinctive interspecific differences of taxonomic value'. They partly attributed the failure of finding species-specific differences to the questionable identities of some samples that were obtained from a single arboretum. However, in our analysis we found that the inclusion of too few characters does not allow a satisfactory separation between the specimens (data not shown), which is probably due to the inherent inconsistency of the character state distributions across geographical areas. Only a combination of numerous characters with strong geographical patterns allowed the clustering into discrete taxon-specific groups.
The value of the characters in discriminating taxa varied. Characters 17 and 18 were too invariable to be useful in the PCA. The states of others were too randomly distributed across the geographical area (i.e. characters 12, 14, 24 and 26). Leaf dimensions, such as length and width, continuous characters used by Dempsey & Hook (2000) , can be very effectively used to discriminate between clusters of taxa, but due to their greatly overlapping ranges they are less useful in identifying individual specimens.
Environmental factors such as water availability or light levels in the forest understorey can vary and may have affected certain leaf characters, such as leaf curvature (D. Ferguson, pers. comm. 2007) or leaf densities. Their potential effects are, however, difficult to judge since the specimens were gathered by many different collectors in all months over a period of more than a century . Even so we obtained a strong taxon separation in the PCA from a set of leaf characters.
Of the continuous characters, only the number of stomatal bands showed discrete differences, with T. fuana and the southern Hengduan Mountains type possessing fewer, 5.5-9 compared with the high values of 8-18 for T. wallichiana. In this respect it is interesting to note that the North American species, which have 3-5 stomatal bands, differ from Asian and European taxa (Strobel & Hess, 1996) .
Of the 21 useful characters in the subset, 13 were included in the FoC key for Taxus (Fu et al., 1999) ( Table 2 ). The most discriminating characters were found to be the leaf length/width ratio (character 7), leaf curvature (character 8) and margin taper (character 9). The latter two were also used to distinguish T. wallichiana var. mairei and T. wallichiana var. chinensis by Fu et al. (1999) .
The distribution of states of no character followed taxon identifications, increasing the difficulty of describing and identifying individual specimens. Nevertheless there are qualitative differences between taxa that allow their discrimination. However, it would be necessary to combine several characters to be able to distinguish between any two or all taxa. For instance, despite T. wallichiana var. mairei and T. wallichiana var. chinensis having five variable characters between them, they differ significantly in six other characters (Table 4 ). The few specimens that do not conform to the majority of states for each character may reflect particular phases in the life of the tree that are insufficiently sampled (e.g. juvenile leaves) or be the result of parallel evolution, relictual signals of past distribution patterns of polymorphic characters, or recent introgression events. These processes are difficult to distinguish and would require population level sampling to disentangle.
TAXONOMIC IMPLICATIONS
Our results have several implications at different levels. The morphometric analysis allows the selection of strong characters and the exclusion of characters that do not conform with the geographical distribution of taxa, thus reducing the time to characterize specimens.
Even though a limited number of herbarium specimens has been studied, a strong geographical pattern of taxon distribution can be observed. Although no individual character is shared by all specimens belonging to a particular taxon, combining characters allows the reliable identification of specimens, with only few exceptions. Thus our results provide a means to identify individual Taxus specimens more reliably.
Based on our results a new identification key could be proposed, avoiding unreliable characters, and including reliable additional characters (e.g. leaf length/width ratio, leaf margin shininess, stomata density). However, the introduction of a new key may be premature at present.
While the species status of T. fuana appears to be well supported by our PCA, the taxonomic status of the varieties included in T. wallichiana is, on morphological grounds, debatable. The PCA separated the varieties into more or less discrete, but not spatially separated clusters, indicating the morphological closeness of the taxa included. Although a strong geographical separation exists between T. wallichiana var. wallichiana and the other two varieties, T. wallichiana var. chinensis and T. wallichiana var. mairei apparently occur, at least partly, sympatrically. This would support the classification of the latter two as varieties rather than subspecies for which geographical discontinuities are generally regarded as desirable. However, because of some limitations of our study (e.g. limited number of herbarium specimens included, some uncertainties of the historical collections in relation to locality details and collection procedures), a decision on the taxonomic status of the T. wallichiana varieties would require a more detailed analysis of authentic field collected material. This should preferably be carried out at the population level to test the level of intrapopulation variation that may exist.
The combination of morphometric and geographical information allowed us to redefine the boundaries between Taxus species and varieties in Asia more accurately. Our data suggest the existence of five Taxus taxa (excluding the well-defined T. cuspidata in the north) in eastern Asia distributed west to east. T. fuana, recently split from T. wallichiana var. wallichiana by Li & Mill (in Li & Fu, 1997) in the west, is followed by T. wallichiana var. wallichiana in west and north-west Yunnan, where a possible independent entity exists around the southern Hengduan Mountains area. Additional research is needed to clarify the relationships of this entity, which in some respects is morphologically close to T. fuana. T. wallichiana var. chinensis occurs in disjunct populations in high mountain habitats east of the TK line, partially sympatric with T. wallichiana var. mairei. The latter occurs at lower altitudes continuously from east of the TK line eastwards to Zhejiang. Taxus sumatrana is not recognizable as a unique morphological entity, although this may be due to the small number of samples included here.
CONCLUSIONS
We attempted to address the taxonomy of the eastern Asian representatives of this genus, which has a complex taxonomic history. Despite a relatively small sample size, this study has demonstrated the use of combined geographical and morphometric mapping to give a clear separation of taxa in eastern Asia, particularly between T. wallichiana var. mairei and T. wallichiana var. chinensis. The TK line appears to mark an important boundary in the evolution of the varieties, with the latter two varieties occurring eastwards and T. wallichiana var. wallichiana westwards of this divide.
Apart from an updated distribution map, morphological support for the three varieties included in Taxus wallichiana has been obtained as well as confirmation of the distinct species status of Taxus fuana. Several areas of possible introgression between taxa have been identified, but the limited sampling did not allow far-reaching conclusions to be drawn. The study raised several questions that can best be addressed only by a wider sampling and more intense sampling at the population level using molecular approaches to understand fully the relationships between the species and varieties in Taxus in eastern Asia. Character 1: leaf angle Defines the position of the leaves in relation to the shoot axis to which the leaf is attached. The values were grouped into ten categories of 10-20°to reflect the variation observed on herbarium sheets (from 40-50°to 90-100°).
APPENDIX 1 TAXUS HERBARIUM MATERIAL USED IN THE MORPHOMETRIC ANALYSES
Character 2: leaf density Defines the average number (three counts) of leaves in a 2-cm section of a branch.
Characters 3-7: leaf dimensions
To include the extreme variation observed in leaf dimensions of herbarium specimens the minimum and maximum length and width measurements were taken and used as independent continuous characters. Because little variation was observed between ratios of largest and smallest leaves within specimens, average values were used for the length/width ratios.
Character 8: leaf curvature Four discrete states were observed in leaves, describing the leaf shape along the line of the midrib, describing a progression from straight (0) through falcate (2) to sigmoid (3) outlines. State 1 was reserved for specimens with some falcate and some straight leaves in roughly equal proportions.
Character 9: leaf margin taper
The leaf margins were either parallel throughout (0), parallel to two-thirds to three-quarters from the base (2), or the blade was lanceolate, i.e. with the margins tapered from the base or at least in the distal half (3), except for some specimens whose leaves exhibited a mix of all character states (1).
Character 11: leaf insertion on branches
The leaves were either spirally inserted (0) or pectinate, ± arranged in two rows (1).
Characters 10, 12-14: leaf base and apex
The base of the leaves (character 10) was found to be symmetrical (0) or not (1). The leaf apex (character 12) was either symmetrical (0) or not (1), while the apex shape (character 13) was coded with five discrete states from 0 to 4 (Fig. 4) . Leaves of many specimens had twisted bases but there was no correlation between asymmetry and leaf twist. The mucro (character 14) was coded as indistinct (0) or distinct (1).
Character 15: leaf thickness
Defines the thickness of the leaf surface as three discrete states, thin (0), medium (1) or thick (2).
Character 16: leaf edges Leaf edges were either flat (0), revolute (1) or incurving to revolute (2).
Characters 17 and 18: leaf midrib elevation Midrib elevation was coded separately for the abaxial (character 17) and adaxial (character 18) side of leaves. Midribs were either elevated (0), level (1) or sunken (2) with respect to the surrounding leaf tissue.
Character 19: papillation on adaxial (lower) midrib
Papillae on the midrib were coded as either absent (0), scattered (1) or dense (2).
Characters 20-24: leaf colour abaxially (lower)
The abaxial side of Taxus leaves can be divided into three main areas, the midrib, the margin, which does not include stomata, and the intervening area, harbouring the stomatal bands. The colour of the midrib (character 20) in relation to the adjacent intervening leaf area can either be the same (0) or different (1). Shininess of the midrib (character 21) was either present (1) or not (0). This was a difficult character to code as sometimes the intensity of shininess varied across a herbarium specimen and sometimes within a leaf. Character 22, margin colour, was coded as either the same as (0) or different from (1) the intervening leaf area. The leaf margin was also found to be either shiny (1) or not (0) (character 23). The width of the margin in relation to the width of the midrib (character 24) was categorized as either narrower (0) (i.e. margin width less than width of midrib), equal (1) or broader (2).
Characters 25 and 26: stomata appearance
The number of stomatal bands on one half of the leaf (character 25) was coded as a continuous character, and the mean of ten counts was used in the PCA. Stomata density (character 26) was coded as a discrete character with three states, not dense (0), dense (1) and very dense (2), with the diameter of a stoma as a reference point.
Character 27: bud scale persistence Defines the behaviour of old, previous years bud scales to fall off (0), or persist. The latter was divided into two states, where some (1) or most (2) bud scales persiste.
APPENDIX 3
Results of morphometric measurements for 128 Taxus herbarium specimens. Sample numbers and code refer to Appendix 1, and character numbers refer to Table 1 No. Code 
